We find the constraints on various non-standard interactions (NSI) of neutrinos from monojet+ / E T searches at the Large Hadron Collider (LHC). Also, we show that the measurement of neutrino-nucleon cross-section from the observation of high energy astrophysical neutrino events at IceCube facilitates strong constraints on NSI as well. To this end, we pursue a comparative study of the prospects of LHC and IceCube in detecting NSI, also mentioning the role of low-energy experiments. We discuss the case of NSI with a new vector boson Z and it is found that for some range of m Z LHC puts more stringent bound, whereas IceCube supersedes elsewhere. We also pay special attention to the case of Z of mass of a few GeVs, pointing out that the IceCube constraints can surpass those from LHC and low-energy experiments. Although, for contact-type effective interactions with two neutrinos and two partons, constraints from LHC are superior. *
I. INTRODUCTION
The observation of high energy astrophysical neutrinos of extragalactic origin at IceCube [1, 2] can provide several useful insights about production mechanism and interactions of such neutrinos. The potential of IceCube in unravelling neutrino decoherence [3, 4] , existence of sterile neutrinos [5] [6] [7] [8] [9] [10] [11] [12] [13] , neutrino interactions with dark matter (DM) [14] [15] [16] [17] [18] [19] [20] [21] and cosmic neutrino background [22] [23] [24] [25] [26] [27] [28] have been addressed in the literature.
It is also interesting to ask whether the observation of high energy neutrinos with E ν 20 TeV provides new information about neutrino interactions with matter (partons and electrons). Non-standard interaction (NSI) of neutrinos is a widely studied issue in the literature for several decades. NSIs lead to confusions in extracting the neutrino oscillation parameters from the solar, atmospheric and reactor neutrino data. The non-standard interactions with only one charged lepton, the so-called charged current NSIs, are somewhat constrained from several considerations [29] : CKM unitarity, electroweak precession tests, reactor experiments, etc. The most stringent bound on llνl lqq comes from beta decay ee < ∼ 4×10 −4 [30] , π + semileptonic decay µµ < ∼ 4×10 −3 , and tau decay τ τ < ∼ 4.5×10 −3 [31] .
Thus, in this paper we do not consider these interactions.
Non-standard interactions with two neutrinos and two partons are relatively less constrained than those of the formν l lqq. Hence, these are the only kind of new interactions we discuss in this paper and refer to as NSI from now on. If these interactions stem from a gauge invariant operator, interactions with two charged leptons and two partons should also exist, leading to additional constraints from LEP (e + e − → qq) [33] , muon/tau decay [29] , neutrino-nucleon scattering experiments [34] [35] [36] , LHC dilepton searches [37] , etc. However, it is possible that the new physics (NP) is such that it leads to NSI with neutrinos, but not involving their charged counterparts. Later on, we will mention a renormalisable model involving a new vector boson Z where this situation can be realised. Also, a dimension eight operator, given by O 8 = (LHγ µ H † L)(qγ µ q), leads to an interaction of the formννqq, but not to its counterpart involving charged leptonsllqq [36, 38, 39] . In this case, the constraints on operators with charged leptons do not apply. Hence, here we do not consider the charged lepton counterpart of interactions with two neutrinos and two partons.
While neutrino propagates through the earth, NSI in neutrino oscillation can lead to observable signatures at long baseline and reactor experiments, as well as solar neutrino observations and neutrino-scattering experiments: all of these pertain to low-energy constraints on NSI. Even IceCube has placed significant constraints on certain NSI parameters through the observation of atmospheric ν µ disappearance at DeepCore [40, 41] . These constraints are vastly studied in the literature. However, the observation of high energy astrophysical neutrinos at IceCube leads to the extraction of neutrino-nucleon deep inelastic scattering cross-sections at unprecedented high energies [32, 42] . The effects of NSI under consideration lead to signatures similar to SM neutral current (NC) neutrino-nucleon scattering at
IceCube. Thus, it is possible to constrain the effects of neutrino NSI from the measurement of neutrino-nucleon scattering cross-section at IceCube.
NSI can also show up at the LHC in a final state characterised by missing energy and one or more hard jets. Thus the generic search of new physics in channels like monojet+ / E T can lead to significant constraints on the NSI parameters. In this paper, we find out the constraints on NSI from the measurement of neutrino-nucleon cross-section at IceCube, as well as LHC monojet+ / E T searches and perform a comparative study taking into account the bounds from low-energy neutrino scattering experiments. Moreover, we consider not only the NSI with (V − A) structure of neutrino currents, but a complete set of interactions up to dim-7 with even more exotic Lorentz structures.
In Section II we discuss the general structure of NSI interactions and various existing constraints. Specifics of our implementation of the LHC and IceCube constraints are described in Section III. Whereas, in Section IV we introduce the non-standard interactions under consideration. Here, we divide the effective interactions into two categories: interactions mediated by a new gauge boson Z that couples to neutrinos up to dim-5, and contact type interactions up to dim-7. Finally, we summarise our findings in Section V and eventually conclude.
II. NSI AND EXISTING CONSTRAINTS
Beyond standard model effects in neutrino interactions with other SM fermions can be encoded in higher dimensional effective interactions, the so-called NSIs. The constraints on such interactions can be obtained from a wide range of considerations, such as EW precession tests, neutrino oscillation experiments, coherent neutrino-nucleon scattering, colliders, etc., and currently at IceCube as well [43] . As mentioned earlier, in this paper, we do not consider NSI with a single charged lepton. We also do not discuss about NSI with two neutrinos and two charged leptons. Widely studied 'neutral-current' NSI involving (axial)-vector-like quark and neutrino currents is given as [44, 45] ,
where, ν and f are the SM neutrinos and quarks respectively, and G F is the Fermi coupling constant. Here, f C ij is the NSI parameter with i, j as generation indices and P C with C = L, R are the chirality projection matrices. We also use the notation:
A discussion of key constraints on NSI parameters and a few clarifications related to the present work are appended:
1. Oscillation experiments: Interactions in eq. (2.1) can also lead to large effects in neutrino oscillation while propagation through matter via the Mikheev-SmirnovWolfenstein (MSW) mechanism [46, 47] . Such matter effects can show up in the oscillation data of solar and atmospheric neutrinos, as well as in the long-baseline and reactor experiments. From these neutrino oscillation experiments, the constraints on the parameter can vary from O(10 −2 ) − O(10 −1 ) depending on the flavour indices, for example [48] , 2. Neutrino scattering off electrons and nucleons: Coherent neutrino-nucleon scattering at COHERENT [49] , coherent neutrino-electron scattering at Borexino [50] and deepinelastic neutrino-nucleon scattering at CHARM [51] can also constrain the NSI parameters. COHERENT imposes the following constraints on NSI parameters at 90% CL [52] : 0.17 [54] , whereas the same with √ s = 13 TeV is given by, qC ij < ∼ 0.02 [55] . These constraints are independent of chirality or neutrino flavour indices of the NSI parameter, as long as the counterpart of eq. (2.1) involving the charged leptons are not considered. If DM interactions with partons are also present along with NSI, they can also contribute to the process pp → j + / E T . In such a scenario, the constraints on NSI can be weaker compared to the case when DM-parton interactions are absent. Thus, the new constraints presented in this paper are somewhat conservative, as they indicate the maximum allowed strength of NSI.
4. IceCube: Observation of atmospheric neutrinos at DeepCore in the energy range 6 − 56 GeV suggests that the disappearance of ν µ peaks at a neutrino energy, E ν ∼ 25 GeV. This gives rise to the following constraint [41] , −0.0067 < ∼ dV µτ < ∼ 0.0081, which is more stringent than the same from oscillation experiments, −0.012 < ∼ dV µτ < ∼ 0.009 [48] . As mentioned earlier, in this paper, we point out that there is another aspect of IceCube observations which can lead to constraints on NSI and has not been addressed in the literature: The measurement of total neutrino-nucleon scattering cross-section (σ tot νN ) from the observation of high energy astrophysical neutrinos. Recently, neutrino-nucleon cross-section has been estimated from the shower and track events induced by such high energy neutrinos in refs. [42] and [32] respectively.
In brief, the 'classical' searches for NSI, such as the neutrino oscillation experiments, constrain the NSI parameters at the level ∼ O(10 −2 ) − O(10 −1 ). All the experimental constraints discussed above, except LHC and IceCube, deals with much lower neutrino energies. For instance, at IceCube, the centre-of-mass energy of neutrino-nucleon scattering with E ν ∼ 400 TeV comes out to be ∼ 280 GeV. Also, at LHC, in the process pp → ννj, transverse energy of the νν-pair typically attains values up to a few hundreds of GeVs. As mentioned earlier, the constraint on Fermi operator-like dim-6 NSI appearing in eq. (2.1) from LHC is rather significant. Subsequently, measurement of σ tot νN from observation of high energy neutrinos at IceCube is also expected to place substantial constraints on NSI, due to similar reach in centre-of-mass energy as LHC. Thus, in this paper, we consider the impact of LHC and IceCube measurements on the NSI up to dim-7, while we also discuss the implications of other lower energy experiments in passing. The constraints from low energy neutrino scattering experiments on such NSI from have been studied in the literature [53] .
Apparently, dim-7 NSI which lead to additional energy enhancement in neutrino-nucleon cross-section compared to the Fermi-type operator in eq. (2.1), are even more promising to be detected at IceCube. We also pay special attention to the case of Z of mass around a GeV, a well-studied scenario that leads to potentially large NSI effects. As discussed earlier, it is not possible to distinguish the neutrino flavour structure of the NSI parameters at LHC, as the neutrinos of all flavours lead to missing E T . In the same way, we extract flavour-independent constraints on NSI from the estimation of neutrino-nucleon cross-section at IceCube.
III. IMPLEMENTATION OF THE CONSTRAINTS
In the following, we discuss the specifics about the implementation of LHC and IceCube constraints.
• Implementation of monojet+ / E T constraints from LHC:
Typical search channels of the NSI are characterised by a final state of mono-X (X = jet, γ) plus missing energy. The monojet plus missing transverse energy signal considered in this paper stems from the process:
For the evaluation of cross-section of the above process, we employ Madgraph-2.6.1 [56] , which uses the UFO files generated by FeynRules-2.3.32 [57] . Hadronization of partonic events are performed using Pythia-8 [58] and hepmc files are created for √ s = 8, 13 TeV. The hepmc files are passed to CheckMATE-2 [59] which checks the compatibility of an interaction against various LHC searches, in our case, the LHC monojet+ / E T searches [60, 61] . The allowed values of NSI parameters are chosen such that the generated monojet+ / E T signal is less than the 95% exclusion limit on the signal.
• Implementation of constraints from cascade and track searches at IceCube:
IceCube has observed upgoing as well as downgoing cascade and track events induced by high energy neutrinos [62, 63] . The upgoing neutrinos travel through the earth to reach
IceCube whereas the downgoing neutrinos reach the detector almost uninterrupted. The number of upgoing events is dependent on neutrino flux and neutrino-nucleon cross-section at the detector up to a shadowing factor S encoding the effects of propagation through the earth. The shadowing factor can be evaluated as,
is the distance travelled through the earth by a neutrino that reaches the IceCube detector from a declination angle θ, where mean free path of neutrinos,
, with m N as mass of the nucleons and ρ(θ) as average matter density in earth along angle θ. Thus, for the downgoing neutrinos, the shadowing factor becomes almost unity. Within an energy interval, neutrinos coming from different directions are distinguished by the shadowing factor, which is also sensitive to neutrino-nucleon cross-section. Thus, it is possible to estimate such cross-section from the observation of high energy astrophysical neutrinos at IceCube. Total neutrino-nucleon cross-section has been calculated in this way, taking into account the contained shower events [42] . Non-standard interactions as given in eq. (2.1), cannot be distinguished from the SM neutral current interaction as both lead to cascade events at IceCube. Thus, in the presence of an NSI, the total neutrino-nucleon cross-section receives an additional contribution, which in turn leads to a constraint on the NSI parameter. See Appendix A for further details.
The neutrino-nucleon interaction at IceCube for neutrino energy greater than 10 TeV corresponds to the centre-of-mass energy, √ s 140 GeV. Hence, these neutrinos suffer deep inelastic scattering (DIS). The double-differential neutrino-nucleon DIS cross-section of such interaction is given by [64] :
Here, x, y are Bjorken scaling parameters, while Q is the momentum transferred to the nucleon. f q,q (x, Q 2 ) are certain combinations of parton distribution function (PDF) of the quarks and antiquarks:
with,
Here, f i(ī) are the individual PDFs for the quarks and antiquarks, with i = u, d, c, s, t, b. In eq. (3.2), |M νq | 2 is the square of amplitude for a given neutrino-parton interaction. For the standard model, the differential cross-section is given as:
where m V = m Z (m W ) for SM NC (CC) interactions respectively. In order to calculate σ νN for neutrino energy E ν , the PDFs are required to be known in the x-range {x min , 1} with,
. Thus, evaluation of neutrino-nucleon cross-section for neutrino energies from TeV to PeV requires knowledge of PDFs evaluated at x > ∼ 10 −4 .
These are known from ep collisions at HERA [65, 66] 
significantly reduces the uncertainties in PDF for such small values of x [67] [68] [69] . Hence, the uncertainties in the neutrino-nucleon cross-sections stemming from QCD effects are rather small. Therefore for high energy astrophysical neutrinos, any significant difference between predicted SM cross-section and the cross-section measured from the observation of IceCube events can be attributed to non-standard interactions. We use the CT10 parton distribution functions [70] in this work.
IV. CONSTRAINTS ON NSI INTERACTIONS FROM LHC AND ICECUBE
The NSI interactions can be generated in various extensions of the SM. A complete set of higher dimensional effective interactions of neutrinos with partons up to dim-7 have been constructed in the literature [53] . In this section, we consider these effective interactions up to dim-7 which can give rise to neutrino-nucleon scattering at IceCube. Here, we investigate and compare the constraints on the NSI parameters from the neutrino-nucleon cross-section measurement facilitated by IceCube and monojet+ / E T search at LHC. The following discussion is separated in two parts: (i) the case of a Z of mass ∼ O(GeV) with renormalisable and effective couplings to neutrinos and quarks, leading to non-standard effects in neutrinonucleon scattering, and (ii), the case of contact type NSI interactions. For the second part, we consider effective operators leading to NSI up to dim-7.
A. Z with renormalisable and effective coupling to neutrinos
The NSI generated from a new vector boson coupling to both neutrino and quark currents is particularly important as it can lead to sizable NSI parameters which can be tested at neutrino oscillation and scattering experiments [71] [72] [73] . [77] . For even lower masses of Z up to a MeV, this constraint is even more stringent. In the range, m Z = 200−600 MeV, measurements related to decays of η, η , φ put bounds on the Z coupling, with the measurement of η → π 0 γγ providing the most stringent limit of g q 10 −5 − 0.01 depending upon m Z [78] . Measurements of branching ratios of In light of the above discussions, broadly the constraints on tree-level couplings of Z to neutrinos and quarks for m Z 1 GeV are quite stringent, owing to the decays of various mesons, cosmological/astrophysical observations, etc. On the other hand, as it will be discussed in details later, for m Z 100 GeV, constraints from LHC on such a Z are significant
01. Though, for Z mass of a few GeVs, Z couplings remain essentially unconstrained from both the low-energy experiments and LHC, keeping aside the constraints from Ψ and Υ decay which affect only small m Z ranges around the corresponding meson masses. This situation arises because in order to enable detection of generic new physics signatures, the minimum value of missing E T at LHC is considered to be 100 GeV, whereas the highest energy reach of the relevant low-energy experiments is up to a GeV.
In the following, we study the cases of a Z of mass ∼ O(GeV), with renormalisable and effective coupling to neutrinos up to dim-5. For all these interactions, the dependence of ensuing constraints from LHC and IceCube on Z mass has been discussed in Appendix C.
1. Here we consider the renormalisable Z interaction terms leading to a tree-level neutrino-quark scattering,
As it was mentioned earlier, we do not consider the couplings of Z with charged leptons at the tree-level. Such a scenario can be realised in renormalisable models [20] , where the Z is realised as the gauge boson corresponding to an additional U (1) symmetry, under which SM quarks, neutrinos, and the new fermions (F ) required for cancelling chiral anomalies, transform non-trivially. Thus, as it can be followed from eq. (4.1), the quark couplings with Z lead to a kinetic mixing of Z with photon,
with the following mixing factor, However, the IceCube observation of the cascade events give a slightly better bound
for m Z = 5 GeV. These constraints are illustrated in fig. 1 .
2. Now, we consider a dim-5 interaction of neutrinos with Z with a dipole-like vertex structure,
where Λ is the effective interaction scale. By demanding hermiticity of the Lagrangian, it can be noted that the term (ν shown for a renormalisable Z interaction in eq. (4.1), the above interaction also leads to kinetic mixing of Z with photon via a quark loop. This leads to transitional neutrino
, where k is the momentum of the photon and loop is a loop factor expressed in eq. (4.2). The most stringent constraint on neutrino dipole moment comes from the study of neutrino-electron scattering at Borexino and is given by, µ For m Z = 5 GeV, LHC constraint from monojet+ / E T search turns out to be c 
Another dim-5 vertex for neutrino-Z interaction leading to neutrino-nucleon scattering
can be written as,
where Λ is the effective interaction scale. As shown for the previous cases, the ν−e scattering amplitude is suppressed by a loop factor loop , which renders the Borexino bound weaker than cases with tree-level electron-Z coupling. Thus, for the interaction in eq. (4.4), Borexino bound can be projected as, c
Monojet+ / E T search at √ s = 13 TeV at LHC leads to c fig. 3 . fig. 1 .
B. Contact type interactions
Neutrino-nucleon interaction can be realised via effective vertices which lead to neutrino scattering off partons. In addition to the neutrino-quark operators, here we have also considered the case of neutrino-gluon effective interaction. In the following, we study the constraints on these effective interactions up to dim-7 from LHC and IceCube:
4. The dim-6 contact interaction leading to neutrino-quark scattering, which resembles the structure of the four-fermionic operator in eq. (2.1), can be written as,
Here we use the notation, ≡ cv 2 /Λ 2 . As mentioned in Sec. II, a conservative constraint on the maximum allowed value of from low-energy neutrino DIS experiment CHARM is found to be, ∼ 0.06. Though, for different neutrino flavours, can take even higher values. We find that the LHC monojet+ / E T search leads to a somewhat stringent constraint, < ∼ 0.02 which is at par with the findings of refs. [55, 83] . The IceCube constraint from observation of cascade events is given as −0.004 < ∼ < ∼ 0.08 and is shown in fig. 4 . However, the interference effect of the NSI and SM contributions in the process pp → ννj is rather small and this effect has been discussed in Appendix B.
This effective interaction can be interpreted as a dim-6 operator arising from an underlying renormalisable model consisting of a heavy Z with coupling to neutrinos and quarks at the tree-level as in eq. (4.1). It can be checked that, given the current LHC bound on this interaction, the tree-level matching condition between this renormalisable theory and effective operator as in eq. (4.5), = (2 
5.
A dim-7 effective interaction which leads to neutrino-quark scattering is given by:
Here, in the same rationale as in eq. (4.3), i = j. Among the low energy experiments, the most stringent constraint on this interaction is imposed by CHARM, c (3) /Λ 3 < ∼ 2.9 × 10 −7 GeV −3 [53] . The LHC constraint on this interaction is found to be c 
Another dim-7 effective Lagrangian for the neutrino-quark four-point interaction is
given by:
The most relevant constraint among low energy experiments on this interaction comes from neutrino-nucleon scattering cross-section measurement at CHARM, c (4) /Λ 3 < ∼ 1.2 × 10 −7 GeV −3 [53] . Monojet+ / E T searches at LHC lead to a stronger constraint, c (4) /Λ 3 < ∼ 8.6 × 10 −10 GeV −3 , whereas the bound from IceCube reads,
As the last two cases, LHC provides a stronger constraint on this interaction compared to low-energy experiments and IceCube. The neutrino-nucleon cross-sections at IceCube due to this interaction, corresponding to the upper limits of the IceCube and LHC constraints, are shown in fig. 6 .
7.
As mentioned earlier, neutrino-nucleon scattering can take place in the presence of effective interaction involving neutrinos and gluons as well. A dim-7 term for such neutrino-gluon interaction is given as: For the above interaction, the most relevant low-energy constraint comes from the measurement of neutrino-nucleon cross-section at CHARM, c (5) /Λ 3 < ∼ 1.6 × 10 −6 GeV −3 [53] . LHC monojet+ / E T searches lead to the constraint, c .7) and (4.8) carry additional momentum dependence compared to the Fermi-type operator. In these cases, the neutrino-nucleon cross-sections increase with energy even faster, leading to more severe constraints from LHC. Moreover, as it can be seen from figs. 2-7, the value of σ tot νN increases faster with neutrino energy in presence of the contact-type interactions compared to the non-renormalisable interactions of a light Z . This can be attributed to the propagator suppression in the Z -mediated cases which relax the additional momentum enhancement due to the non-renormalisable interactions. Low-energy experiments, such as MATHUSLA [87] , SHiP [88] , FASER [89] , dedicated to the search for new long-lived particles in the MeV-GeV range can put relevant constraints on the Z interactions considered in this paper. Such constraints, although flavour-dependent, can be stronger than that from IceCube, or even IceCube-Gen2. Though, these constraints only affect Z of mass 4 GeV. sions [42] and leptoquarks [32] , IceCube also has a remarkable discovery potential for Z of mass ∼ TeV. Secondly, we take into account contact-type interactions involving two neutrinos and two partons up to dim-7. For such interactions, the LHC constraints are more significant than that from both IceCube and lower energy neutrino-scattering experiments.
The extraction of neutrino-nucleon cross-section is also affected by astrophysical neutrino flux and flavour ratios. The constraints from IceCube derived in this paper can be improved in the upgraded version of this experiment, namely IceCube-Gen2, with a better understanding of neutrino flux and flavour ratios [92] . In case of discovery of even higher energy astrophysical neutrinos, the energy reach of IceCube can supersede that of LHC. With current IceCube data, SM neutrino-nucleon cross-section is still allowed within 95% CL. Any possible deviation from SM neutrino-nucleon cross-section may hint towards the existence of NP. With more statistics, it might also be possible to distinguish between different kinds of NSIs, if any, by studying the distribution of high energy neutrino events across deposited energy and zenith angle. These make the extraction of σ tot νN viable from the observation of cascade events at IceCube induced by high energy neutrinos [42] . The NSIs considered in this paper provide additional contributions to the NC neutrino-nucleon cross-section, which can be constrained as, 
Here, σ tot,cas νN denotes the total neutrino-nucleon cross-section measured from the IceCube observation of cascade events induced by high energy neutrinos [42] . The second term in RHS of inequality (A1), i.e., the CC neutrino-nucleon cross-section, σ
CC,IC νN
, can be measured rather precisely from the track events at IceCube [32] , so the related uncertainties are not implemented. This way one can estimate the remaining room for NSI contribution. Extracting the bound on σ N SI νN in this way comes at the expense of introducing ∼ 2% change in the neutrino flux compared to ref. [42] , which is even smaller than the effect of regeneration of high energy neutrinos passing through the earth. Considering the current uncertainties in σ tot νN found in ref. [42] , the effects of regeneration, which cause a change up to ∼ 10% in the neutrino flux, does not have a significant impact on the estimated cross-section. By the same token, relevant bound on σ N SI νN can be extracted using eq. (A1).
Appendix B: Differential cross-sections and interference effects
The differential cross-sections of the process pp → ννj for the contact NSI as in eq. (4.5) can be written as the sum of contributions from the SM, NP and interference of these two: dσ dp T dη = dσ SM dp T dη + dσ int dp T dη + dσ N P dp T dη ,
Here, x 1 and x 2 are fractions of proton momentum transferred to the two initial partons involved in pp → ννj and Q tr is momentum transferred to the neutrino pair. At LHC with √ s = 8 TeV the cross-section for pp → ννj gets most of the contribution in the p T range, 120 − 150 GeV. To compare the relative contributions of the different terms appearing in the RHS of eq. (B1), we use the fact that, Q tr ∼ 500 GeV for p T = 150 GeV, |η| < 2 and √ s = 8 TeV [93] . Using the second and third relations of eq. (B2) one finds the ratio of the NP contribution to that from the interference term to be ∼ 2M 2 Z /( Q 2 tr ). As Q tr ∼ 500 GeV, this ratio turns out to be ∼ 0.33 for the maximum allowed value of ∼ 0.19. This implies, the interference term is subleading than the NP term in the cross-section of pp → ννj with the dim-6 NSI term, which is somewhat opposite to the common perception. This happens due to an accidental conspiracy between Q 2 tr and current maximum allowed value of . If the constraint on becomes even more stringent, with the value Q 2 tr not changing significantly, the current picture can be reversed, i.e., the interference term can be dominant over the NP contribution. A similar situation has been discussed in ref. [54] .
Appendix C: Dependence of LHC and IceCube constraints on Z mass
The LHC and IceCube constraints on NSI induced by a Z of mass 5 GeV have been mentioned in Section IV A. Here, we illustrate the role of Z mass on these constraints. For the NSI described by eqs. (4.1), (4.3) and (4.4) , the maximum values of couplings allowed from LHC and IceCube have been illustrated in figs. 8 (a), (b) and (c) respectively. In the process pp → ννj at LHC, the subprocess qg → ννj dominates over theinitiated process, due to a large gluon flux. As it can be seen from fig. 8 (a) , for the interaction in eq. (4.1), except the range m Z ∼ 35 − 500 GeV, IceCube provides a better constraint than LHC. This happens due to LHC's rather good acceptance in the channel pp → j + / E T for the aforementioned Z mass range with renormalisable interactions [54] . In this case, the dependence of the LHC constraint on m Z is similar to that previously found in the literature [83] . For the dipole-like interaction of Z with neutrinos as in eq. (4.3), the role of m Z has been shown in fig. 8 (b) . In this case, the LHC constraint prevails the IceCube bound when m Z 15 GeV. However, due to the additional momentum enhancement, the width of Z becomes quite large in this case.
Subsequently, for m Z 500 GeV, the cross-section of pp → ννj with this interaction does not significantly change with increasing couplings. This implies that there is no relevant constraint on this interaction for m Z 500 GeV from LHC. In presence of interactions as in eq. 
